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2010) to appreciate how the interpretation of ambiguous sensory 
information relies on an interaction between bottom-up and top-
down processes (e.g., Dyson and Cohen, 2010). In this regard, 
examining the neurological indices associated with ambiguous 
experience has been an important step in understanding how 
purely internal processes such as perceptual interpretation might 
be expressed in the brain. One of the major advantages of this 
kind of approach is the way in which identical sensory stimu-
lation can give rise to radically different perceptions, thereby 
revealing the neural correlates peculiar to conscious interpreta-
tion whilst at the same time controlling for differences in low-
level stimulus processing (Jackson et al., 2008). One particularly 
intriguing possibility outlined by Zeki (2006) is that sensory 
information imbibed with ambiguity might facilitate an esthetic 
experience by promoting brain activity and the active process of 
environmental interpretation (see Berlyne, 1971, for a histori-
cal antecedent of this idea). The present study will examine the 
extent to which variations in perceptual interpretation for the 
same sensory information map onto early evoked responses, and, 
how this potential advantage of ambiguity might be expressed 
in neural terms.
IntroductIon
There is much that can be learnt about art by applying what we 
know about our perceptual and cognitive systems (e.g., Arnheim, 
1974; Gombrich, 1977; Gregory, 1997; Solso, 2003). Although the 
phenomenological gap between the eventual experience of art 
and the initial sensory processes that underlie it can be significant 
(Dyson, 2009), common ground has been established between 
the gallery and the laboratory. For example, the later works of 
Piet Mondrian are generally ascribed artistic value, in addition 
to being composed of visual elements basic enough to allow for 
systematic experimentation. By manipulating the orientation 
(Latto et al., 2000), line spacing (McManus et al., 1993; Wolach 
and McHale, 2005), and color distribution (Locher et al., 2005) 
of the originals, it is possible to establish the extent to which 
Mondrian had established the “correct” organization of these 
features in accordance with a universal esthetic. Another way 
researchers have attempted to bridge the divide between art and 
science is to take advantage of the observation that differential 
perceptual and esthetic experiences may be derived from the same 
input: one only need consider proponents of optical art such as 
Bridget Riley and Victor Vasarely (Martinez-Conde and Macknik, 
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doi: 10.3389/fnhum.2011.00073With respect to the kinds of ambiguous stimuli deployed in the 
laboratory, images as diverse as the Necker cube, the Rubin face/
vase, the old/young woman, ambiguous cheetahs, dot lattices, over-
laid gratings, spinning wheels, rotating spheres, and stereograms 
(e.g., Portas et al., 2000; Leopold et al., 2002; Sterzer et al., 2002; 
Gepshtein and Kubovy, 2005; see Windmann et al., 2006, for further 
examples) have all been used to inform how any one particular con-
scious percept arises from the numerous interpretations available 
to us. Moreover, the application of fMRI (e.g., Kleinschmidt et al., 
1998; Portas et al., 2000), EEG/ERP (e.g., Kornmeier and Bach, 2004, 
2005; Pitts et al., 2007), and MEG (e.g., Struber and Herrmann, 
2002; Kaneoke et al., 2009) technologies have all contributed to our 
understanding of both the spatial and temporal positioning of per-
ceptual interpretation relative to early sensory activity as well as later 
cognitive and response-based processes. For example, in terms of 
brain regions involved in the production of conscious interpretation, 
Rees et al. (2002) argues that whereas V1 activity does not modulate 
according to the content of subjective experience, activation of the 
ventral visual cortex seems to be a necessary (though not sufficient) 
condition for the advent of consciousness.
The application of ERP and MEG has been particularly useful 
in terms of revealing the latencies at which changes in perceptual 
interpretation are manifest. Both relatively early and relatively late 
time windows have been identified that distinguish between the 
experiences of perceptual change and perceptual maintenance in 
the absence of any low-level stimulus alteration. For example, with 
respect to an ambiguous Necker cube, perceptual change rela-
tive to perceptual maintenance has been marked by an increase 
in both positive-going and negative-going deflections 120 and 
240 ms after stimulus onset, respectively, maximal at parietal and 
occipital scalp electrode sites (Kornmeier and Bach, 2004, 2005). 
Similar modulations have also been reported for other ambigu-
ous figures such as the Rubin face/vase and Schroder’s staircase 
(but not in an ambiguous Cheetah picture; Pitts et al., 2007). 
Further demarcations between perceptual stability and change 
have also been observed in later positive-going deflections around 
300−400 ms after stimulus onset, with perceptual reversals again 
related to increased amplitude (Basar-Eroglu et al., 1993; Struber 
and Herrmann, 2002; Kornmeier and Bach, 2009). Therefore, one 
potential advantage of ambiguity at a neural level might be that 
the sensory system fails to habituate to input that has multiple 
interpretations. Enhanced neural responding may then provide a 
level of cortical engagement that facilitates the eventual develop-
ment of an esthetic response (Zeki, 2006).
The current study considers this possibility using one particular 
type of ambiguous stimulus presentation known as stroboscopic 
alternating motion (after von Schiller, 1933; also known as “two-
frame bi-stable apparent motion” or “bi-stable motion quartets”; 
Kohler et al., 2008). This particular stimulus consists of two alter-
nating frames (see Figure 1), wherein two shapes (traditionally 
either squares or circles) are presented in both opposing vertical 
and horizontal locations from one another relative to fixation. 
In one frame (hereafter, V1), one shape is presented bottom-left 
whilst a second shape is presented top-right. In a second frame 
(hereafter, V2), one shape is presented top-left whilst a second 
shape is presented bottom-right. With repeated alternations of 
these two frames, two apparent motions have previously been   
reported:   vertical and horizontal, with the former motion charac-
teristically being the easier of the two percepts to maintain when 
vertical and horizontal variation is of an identical physical magni-
tude (Chaudrun and Glaser, 1991; Kaneoke et al., 2009).
The aims of the present investigation are three fold. First, I will 
aim to increase the range of perceptual experience that can be 
derived from stroboscopic alternating motion by comparing the 
behavioral report of perceptual stability associated with the inten-
tional production of traditional vertical and horizontal perceived 
motion (Kohler et al., 2008) with two hitherto unreported interpre-
tations of this multi-stale percept: clockwise and counter-clockwise 
motion. In a previous study comparing a number of static ambigu-
ous stimuli (i.e., Rubin face/vase, Necker cube) with a dynamic 
ambiguous “rotating” circle stimulus in which local elements alter-
nated between gray and black, Windmann et al. (2006) reported 
participants had significant difficulty in perceiving changes between 
clockwise and counter-clockwise motion relative to the other types 
of ambiguous figure, although the reasons for this difficulty were 
not clear. In contrast, other research comparing the speed with 
which participants judged the motion of an ambiguously rotating 
cylinder to be clockwise or counter-clockwise with the interpreta-
tion of the Rubin face/vase image found little difference between the 
stimuli (Takei and Nishida, 2010). The clear benefit of comparing 
the difficulty with which rotational motion can be generated relative 
to vertical and horizontal motion using the current stimuli is that 
differences cannot be attributed to the use of physically different 
stimuli, nor to the differences between static and dynamic ambigu-
ous images. In an additional attempt to further extend the range of 
perceptual experience in the current experiment, participants will 
also take part in fifth condition in which they intend to make the 
percept as unstable as possible by switching the direction of motion 
as often as they can (hereafter, “free-view”). Significant variations 
in the report of perceptual stability across these five conditions will 
support the view that stroboscopic alternating motion should be 
understood as a multi-stable rather than bi-stable stimulus, and help 
to evaluate the difficulty of intended rotational motion alongside 
potentially stable vertical and horizontal motion and potentially 
unstable free-view conditions with the same stimulus and, there-
fore, in the absence of low-level sensory differences.
Second I will consider the impact the degree of visual perceptual 
instability has upon the processing of auditory stimuli. Various 
accounts have been put forward for the independence or interde-
pendence in the allocation of processing resource across different 
modalities (see Larsen et al., 2003). The empirical data continue to 
be equivocal (e.g., Dyson et al., 2005; Yucel et al., 2005; see Haroush 
et al., 2009, for a review), with recent evidence suggesting that the 
relationship between visual and auditory processing relies on a 
number of factors such as whether variation in visual task load 
is perceptual or memorial in nature (Muller-Gass and Schröger, 
2007), the specific auditory event-related potentials interrogated 
(Harmony et al., 2000), as well as moment-to-moment fluctuations 
in visual task load (Haroush et al., 2009). In the current design, par-
ticipants will attempt visual apparent motion both in the presence 
and absence of simultaneously alternating yet ignored auditory 
stimulation (A1, A2). By subtracting the neural response to trials 
in which participants receive just visual stimulation from trials in 
which participants receive both visual and auditory stimulation 
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left and a second square presented bottom-right relative to central 
fixation. All horizontal and vertical variations were 44 mm away 
from central fixation, relative to square center. Further visual stimuli 
were generated constituting a clockwise rotated arrow (clock), a 
counter-clockwise rotated arrow (counter), an up–down pointing 
arrow (vertical), a left–right pointing arrow (horizontal), and, an 
up–down + left–right pointing arrow (free), all within a central 
on-screen area of 35 mm × 35 mm (see Figure 1 for a schematic 
overview). Two 500 ms tones (low: 400 Hz, and, high: 800 Hz) were 
also created, each having 10 ms linear onset and offsets. Auditory 
stimuli were then differentially lateralized to generate one presenta-
tion (A1) in which a high tone was presented to the right ear concur-
rently with a low tone presented to the left ear. A second combined 
presentation was also generated (A2) in which a low tone was pre-
sented to the right ear concurrently with a high tone presented to 
the right ear (after Deutsch, 1974). Combined auditory presenta-
tion was calibrated monaurally at approximately 70 dB SPL(C) 
using Sennheiser HD202 headphones, and a Scosche SPL1000 
sound level meter. Stimulus presentation and response collection 
was controlled by Presentation (Neurobehavioral Systems) and the 
experiment was completed in a quiet room.
desIgn
Ten experimental conditions were established involving the orthog-
onal combination of visual intention cue (clockwise, counter-
clockwise, vertical, horizontal, free-view), with the presentation 
of auditory stimulation (sound, silence) concurrently with visual 
stimulation. Participants initially completed 10 practice trials (1 
presentation × 10 conditions), followed by 3 blocks of 100 experi-
mental trials (10 presentations × 10 conditions). Trial presentation 
was randomized across both condition and participant. Participants 
were encouraged to take breaks to avoid fatigue in between blocks, 
and to withhold responses to avoid fatigue within blocks.
Procedure
Each trial began with the presentation of a black screen for 500 ms, 
subsequently replaced by a visual cue center screen indicating the 
desired interpretation of motion for 2000 ms. Participants were 
asked to prepare to interpret the forthcoming visual stimulation 
according to the cue, and to ignore auditory input if it was present. 
This was followed by an 8 s period in which visual, or, visual and 
auditory stimuli were presented, alternating across two frames pre-
sented for 500 ms each, thereby resulting in eight presentation of 
frame one (V1, or, V1 + A1) and eight presentations of frame two 
(V2, or, V2 + A2; see Figure 1). Participants were encouraged to focus 
on a central fixation throughout stimulus presentation. Following 
stimulus presentation, participants were asked whether or not they 
were able to generate the requested visual motion for at least part 
of the trial, and then, how stable the experienced percept was on a 
7-point scale (1 = extremely stable, 7 = extremely unstable). Both 
post-trial prompts were on-screen until the participant responded.
erP recordIng
Electrical brain activity was continuously digitized using ActiView 
(Bio-Semi; Wilmington, NC, USA), with a band-pass filter of 
0.16−100 Hz and a 1024 Hz sampling rate. Recordings made from 
[e.g., (V1 + A1)−V1; (V2 + A2)−V2], the resultant difference wave 
should provide some indication of the evoked responses generated 
by ignored auditory stimuli (although see Teder-Sälejärvi et al., 
2002, to an objection to these kind of formulae in the context of 
cross-modal integration). If the relationship between auditory and 
visual perceptual processing is antagonist (e.g., Yucel et al., 2005), 
then those visual conditions related to high levels of perceptual 
instability should yield smaller auditory evoked responses.
Third I will examine the relationship between individual varia-
tion in the subjective report of perceptual stability and underlying 
visual neural activity. As previous electrophysiological data suggests 
(Basar-Eroglu et al., 1993; Struber and Herrmann, 2002; Kornmeier 
and Bach, 2004, 2005; Kornmeier and Bach, 2009), change in the 
interpretation of an ambiguous stimulus is reflected in increased 
amplitude at a number of points during visual processing. However, 
the literature is currently silent regarding the relationship between 
electrophysiological recording and variation in the interpretation 
of stroboscopic alternating motion. As such it is not clear whether 
stroboscopic alternating motion belongs to that sub-set of ambigu-
ous images that modulate neural amplitude as a function of per-
ceptual change (Pitts et al., 2007). Encouragingly, a recent study 
examining stroboscopic alternating motion under conditions of 
MEG recording reported differences between vertical and horizon-
tal motion approximately 160 ms following frame onset (Kaneoke 
et al., 2009), placing one index of perceptual interpretation for this 
stimulus relatively early on in visual processing. In the current para-
digm, perceptual switches will be indexed by the subjective rating 
of stability, with increased instability relating to an increased rate of 
perceptual switching. Therefore, if early visual evoked responses are 
predictive of perceptual performance then enhanced visual evoked 
responses should be associated with trials within which participants 
experience a high degree of perceptual instability.
MaterIals and Methods
PartIcIPants
Twenty participants were initially run in the experiment. Four individ-
uals had to be rejected on the basis of problems in EEG recording, and 
a further two individuals were rejected on the basis of their behavioral 
data (one due to their inability to perceive horizontal motion, and, one 
due to only being able to perceive intended motion on 42% of trials 
relative to a remaining group average of 93%). Consequently, the data 
from 14 participants were included in the final analyses (10 females; 
mean age = 25.86). All participants responded using their right hand, 
and all participants self-reported as being exclusively right-handed 
apart from one participant who self-reported as being able to use both 
left and right hand equally well. All participants received $10 per hour 
or course credit for their involvement and provided informed consent 
prior to investigation according to the ethical guidelines established 
at Ryerson University. All participants reported normal hearing and 
normal or corrected-to-normal vision.
stIMulI and aPParatus
A white square of on-screen size of 18 mm × 18 mm and a gray 
fixation cross subtending 8 mm × 8 mm were generated. Visual 
stimuli were then differentially lateralized to generate one pres-
entation (V1) in which one square was presented top-right and a 
second square was presented bottom-left relative to central fixation. 
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condition. Individual epochs defined as 100 ms pre-stimulus base-
line and 500 ms post stimulus activity were rejected on the basis of 
amplitude difference exceeding 75 μV, gradient between consecutive 
time points exceeding 75 μV, or, signal lower than 0.01 μV, within 
any channel. For the purposes of the current analyses, data were 
collapsed across frame and serial position, averaged and finally 
baselined according to the pre-stimulus interval. Visual stimuli were 
analyzed according to an average reference, auditory stimuli were 
analyzed according to an average mastoid reference [(M1 + M2)/2].
results
BehavIoral data
Both the number of trials in which participants reported perceiving 
the requested motion for at least some part of the trial as indexed 
by the first behavioral measure, and, the subjective   stability of 
FPz, AFz, FC1, FCz, FC2, F1, Fz, F2, Cz, CPz, Pz, PO3, POz, PO4, 
Pz, Oz, M1, and M2 were stored for off-line analysis. Horizontal 
and vertical eye movements were recorded using channels placed at 
the outer canthi and at inferior orbits, respectively. Common mode 
sense (CMS) was taken from an independent electrode situated 
between P1 and PO3, while driven right leg (DRL) was situated 
between P2 and PO4. Data pre-processing was conducted using 
BESA 5.3 Research (MEGIS; Gräfelfing, Germany) using a 0.5 (6 db/
oct; forward) to 30 (24 db/oct; zero phase) Hz band-pass filter. 
The contributions of both vertical and horizontal eye movements 
were reduced from the EEG record using the automated VEOG 
and HEOG artifact option in BESA. Only trials in which partici-
pants reported success in perceiving the intended motion for at 
least part of the trial were included in analyses, and the evoked 
response from first and last frames within each set of 16 were not 
included thereby avoiding anticipatory responses. This led to the 
Figure 1 | Trial schematic of the experiment. A fixation cross was presented 
center screen for 500 ms after which a visual cue was presented for 2000 ms, 
indicating the desired motion for that trial (counter-clockwise, clockwise, vertical, 
horizontal, free-view). This was then replaced by eight iterations of either the V1, 
V2 (visual only) or V1 + A1, V2 + A2 (visual and auditory) frame cycle (500 ms per 
frame), yielding 8 s of ambiguous perception. Participants were then instructed 
to record whether they were able to generate the requested motion for at least 
some part of the trial, and, to rate the perceptual stability of the trial.
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Auditory evoked responses were generated by calculating the 
difference wave between silence and sound trials (see Figure 3A), 
revealing maximal activity at fronto-central sites (Fz, FC1, 
FCz, FC2, Cz). P1 (maximal positivity between 60 and 160 ms 
post stimulus onset), N1 (maximal negativity between 110 
and 210 ms post stimulus onset), and, P2 (maximal positivity 
between 190 and 290 ms post stimulus onset) peak latencies were 
sought and mean amplitudes for auditory components were 
quantified in terms of a 30 ms time window (15 ms either side 
of peak latency) and analyzed with respect to visual intention 
only. With respect to P1, N1, and P2, neither peak latencies [F(2.7, 
35.9) = 0.34, MSE = 428, p = 0.885; F(3.1, 39.9) = 0.40, MSE = 232, 
p = 0.760; F(2.8, 36.8) = 0.65, MSE = 809, p = 0.581, respectively] nor 
mean amplitudes [F(3.2, 41.00) = 1.04, MSE = 0.65, p = 0.388; F(3.1, 
32.58) = 0.14, MSE = 0.80, p = 0.942; F(3.4, 44.8) = 1.91, MSE = 0.62, 
p = 0.134, respectively] differed significantly as a function of 
visual intention.
vIsual erP resPonse
Figure 3 shows neural responses to visual stimulation at parietal–
occipital electrode sites with (Figure 3B) and without (Figure 3C) 
the concurrent presentation of auditory stimulation. C1 (maximal 
negativity between 25 and 125 ms post stimulus onset), P1 (maxi-
mal positivity between 70 and 170 ms post stimulus onset), and, N1 
(maximal negativity between 130 and 270 ms post stimulus onset) 
peak latencies were sought across sites showing maximal activity 
(PO3, POz, PO4, and Oz). Mean amplitudes for C1, P1, and N1 
were again quantified according to a 30 ms time window. Visual 
ERP components were subjected to the same two-way, repeated 
measures ANOVA as in behavioral analyses, the results of which 
are shown in Table 1. In Figure 4, the left hand panels show mean 
amplitudes across the 10 conditions of interest and the right hand 
panels show the group correlation between mean amplitude and 
perceptual stability.
C1 (71 ms) mean amplitude revealed a significant main effect 
of intention (p = 0.001), with the free-view condition generat-
ing larger negativity (−0.95 μV) than vertical (−0.31 μV) and 
horizontal (−0.58 μV) motion, and, clockwise (−0.70 μV) and 
counter-clockwise (−0.66 μV) motion generating larger negativ-
ity than vertical motion. Individual correlations between mean 
amplitude and perceptual stability were calculated for each par-
ticipant, and the average correlation was significantly different 
from zero [r = −0.45; t(13) = 7.17, p < 0.001], in that larger 
negativity was associated with increase perceptual instability. 
P1 (118 ms) mean amplitude revealed no significant group dif-
ferences with respect to visual intention or audition, but the 
average correlation between mean amplitude and perceptual 
stability was revealed to be significant [r = −0.28; t(13) = 2.36, 
p = 0.034], indicating that smaller positivity was associated with 
increased perceptual instability. N1 (190 ms) mean amplitude 
revealed significant main effects of both intention (p = 0.001) 
and audition (p = 0.004). In terms of visual intention, free-view 
(−1.81 μV) trials generated significantly larger negativity than 
clockwise (−1.31 μV), counter-clockwise (−1.32 μV), horizon-
tal (−1.06 μV), and, vertical (−0.82 μV) intended motion trials. 
The pairwise comparison between counter-clockwise motion 
those successful trials as indexed by the second behavioral measure 
were subjected to separate, two-way within-participant ANOVAs 
constituting the factors of visual intention (clockwise, counter-
clockwise, vertical, horizontal, free-view) and audition (sound, 
silence). All data were analyzed with Greenhouse–Geisser degrees 
of freedom correction and all significant interactions between 
factors were further explored using Tukey’s HSD test (p = 0.05). 
The ANOVA data are summarized in Figure 2. The number of 
successful trials did not significantly differ across factors with 
participants indicating successful perceived motion on approxi-
mately 28 of 30 trials per condition: intention main effect [F(1.7, 
21.7) = 1.32, MSE = 17.23, p = 0.284], audition main effect [F(1, 
13) = 2.01, MSE = 4.60, p = 0.179], and, intention × audition inter-
action [F(3.0, 39.1) = 1.02, MSE = 1.28, p = 0.394]. A significant main 
effect of intention [F(1.8, 23.3) = 18.11, MSE = 2.16, p < 0.001] upon 
perceptual stability was revealed, indicating free-view (4.28) to be 
more significantly unstable than all other conditions, and, clockwise 
(2.56) to be significantly more unstable than both vertical (1.32) 
and horizontal (1.50) perceived motion. Neither the main effect of 
audition [F(1, 13) = 2.39, MSE = 0.05, p = 0.146] nor the interaction 
between intention and audition reached statistical significance [F(2.6, 
33.2) = 0.81, MSE = 0.08, p = 0.478].
Figure 2 | group mean (A) trial success and (B) perceptual stability 
judged on a 7-point scale (1 = extremely stable, 7 = extremely unstable) 
of five possible interpretations of stroboscopic alternating motion under 
conditions of concurrent auditory stimulation or silence. Error bars 
denote SE. 
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Electrophysiological and behavioral measures of performance 
were collected as participants engaged with stroboscopic alter-
nating motion (von Schiller, 1933) under a variety of different 
intended visual motions, and, under conditions of concurrent 
auditory stimulus presentation or silence. The data supported 
the idea that stroboscopic alternating motion is a multi-stable 
rather than bi-stable stimulus, in the revelation of two hitherto 
unreported interpretations: clockwise and counter-clockwise 
and vertical motion was also significant. Individual correlations 
between mean amplitude and perceptual stability once again 
revealed a significant negative correlation [r = −0.50; t(13) = 5.73, 
p < 0.001], indicating that mean amplitude increased as per-
ceptual instability increased. Visual N1 was also larger under 
conditions of silence (−1.47 μV) relative to sound presentation 
(−1.06 μV), possibly due to the spatio-temporal interactions 
between parietal and occipital visual N1 and fronto-central audi-
tory P2 components (Vidal et al., 2008).
Figure 3 | group mean event-related brain potentials for (A) auditory stimuli calculated as the difference wave between sound and silence conditions, 
(Continued)
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individual level, in that increased negativity reflected increased 
perceptual instability.
In terms of the relative ease with which different motions could 
be imposed on the stroboscopic display, the current data echoed the 
previous observation that when vertical and horizontal variation 
is of an identical physical magnitude, vertical motion is perceived 
more readily than horizontal motion (Chaudrun and Glaser,  1991; 
rotation. Behavioral reports of perceptual stability showed rota-
tional motion to yield less perceptual stability than intended 
vertical or horizontal motion, but greater perceptual stability 
than intentionally unstable motion (free-view condition). Early 
cortical responses to ignored auditory stimuli observed at fronto-
central sites did not seem to modulate as a function of visual 
intention. However, behavioral reports of perceptual stability 
were correlated with early visual exogenous responses recorded 
Figure 3 | (Continued)  group mean event-related brain potentials for (B) visual stimuli under conditions of concurrent sound presentation, and, 
Dyson  Neural correlates of perceptual intention
Frontiers in Human Neuroscience  www.frontiersin.org  August 2011  | Volume 5  |  Article 73  |  7monitors, vertical motion brings the shapes closer to the boundary of 
the monitor than does horizontal motion, thereby potentially creat-
ing increased perceived distance in the former case. This could easily 
be achieved by turning the monitor on its side in future investigations.
The current experiment also presents evidence to suggest that 
two new interpretations of the previously bi-stable stroboscopic 
stimulus are available: namely, clockwise and counter-clockwise 
motion. The subjective report of perceptual stability suggests that 
Kaneoke et al., 2009). This was represented by significant pairwise 
comparisons in the electrophysiological data, in that C1 and N1 
amplitudes were reduced for vertical (but not horizontal) trials rela-
tive to counter-clockwise trials. While there are a number of pos-
sible explanations for this effect (see Chaudrun and Glaser, 1991, 
for a discussion), it would perhaps be important to rule out the 
quotidian explanation that since most contemporary experiments 
into  stroboscopic motion take place on landscape oriented computer 
Figure 3 | (Continued) group mean event-related brain potentials for (C) visual stimuli under conditions of silence.
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ual and auditory resource cannot be based on support of the null 
hypothesis as in the current experiment, as it is always possible 
that an effect in audition could be observed by further increasing 
the difficulty of the visual task (Valtonen et al., 2003). As above, it 
is perhaps worth considering what a more detailed analysis might 
reveal in terms of the interactions between auditory and visual 
stimulation. The auditory stimuli selected in this experiment had 
weak synesthetic (Martino and Marks, 2001) relations with the 
visual stimuli on a frame-by-frame basis, in that the vertical posi-
tions of the squares were assigned a high or low pitch value, and 
the horizontal positions of the squares were assigned to left or 
right headphone presentation (cf., Mudd, 1963). In this regard, 
concomitant auditory stimulation for V1 (high right square with 
low left square) was a high pitched tone in the right ear and a low 
pitched tone in the left ear (A1), whilst for V2 (low right square with 
high left square) the auditory stimulation was a low pitched tone 
in the right ear and a high pitched tone in the left ear (A2). One of 
the reasons for pursuing these frame-by-frame interactions further 
is because the consistency between audio and visual information 
is potentially violated on half the trials as a result of an auditory 
Octave Illusion (Deutsch, 1974). In short, when participants are 
asked to report what they hear on the basis of the acoustic presenta-
tion described above, a common (although by no means sovereign) 
perception is of hearing a high pitched tone in the right ear for 
A1 but a low pitched tone in the left ear for A2. While conflicting 
account of the illusion have been put forward in terms of either 
suppression or fusion between ears (Chambers et al., 2004; Deutsch, 
2004), it is clear that the illusion is only apparent on half the trials 
(A2). Therefore, in terms of congruency between auditory and 
visual presentation, V1 + A1 should provides a stronger sense of per-
ceptual unity than V2 + A2. Consequently, an interaction between 
frame and visual evoked responses in the presence or absence of 
sound might provide evidence for the octave illusion even when 
participants are instructed to ignore the acoustic information.
The most critical finding however was the provision of clear 
evidence for the neural expression of perceptual instability. Using 
perceptual instability as an index of the frequency of percep-
tual switching in the current design, the data echo the previous 
findings of amplitude modulation as a function of perceptual 
switching in a number of other ambiguous figures (Basar-Eroglu 
et al., 1993; Struber and Herrmann, 2002; Kornmeier and Bach, 
2009). Specifically, the data replicate the observation of a rela-
tively late larger negativity for perceptual reversals, but not the 
observation of a relatively early larger positivity for perceptual 
reversals (Kornmeier and Bach, 2004, 2005; Pitts et al., 2007). 
Rather, the degree of perceptual instability across the 10 experi-
mental conditions was characterized by increased negativity 
throughout the exogenous visual response, beginning around 
the time of C1 (approximately 70 ms) and returning to baseline 
around 400 ms after frame onset (see Figures 3B,C). Perhaps one 
reason why the current ERP data show an early and consistent 
increase in negativity during perceptually unstable trials, rather 
than both increases in negativity and positivity (Kornmeier 
and Bach, 2004, 2005), is a result of the averaging protocol. In 
contrast to previous studies where electrophysiological analyses 
were compared between times at which participants report an 
these rotational motions achieved intermediate stability: signifi-
cantly less stable than either vertical or horizontal motion but 
significantly more stable than the perception experienced under 
free-view conditions. Moreover, the difficulties in maintaining rota-
tional motion cannot be attributed to the use of different stimuli 
or the use of static versus dynamic stimuli, as in previous studies 
(Windmann et al., 2006; Takei and Nishida, 2010). Further work 
would help to elucidate the mechanisms involved with rotational 
motion (cf., Jackson et al., 2008; Liesefeld and Zimmer, 2011) and 
at least one interpretation of rotational motion is available using a 
frame-by-frame analysis of the current data. Specifically, it would 
be possible to evaluate the idea that part of the reason for increased 
perceptual instability during intended rotational motion is that par-
ticipants were simply mimicking clockwise and counter-clockwise 
rotation by recombining vertical and horizontal movements across 
different frames, thereby instigating a predictable perceptual switch 
on every trial. With respect to Figure 1, clockwise rotation could 
be mimicked by intending a vertical movement at V1 followed by 
a horizontal movement at V2, whereas a counter-clockwise rota-
tion could be mimicked by intending a horizontal movement at V1 
followed by a vertical movement at V2. If participants generated 
this pseudo-circular motion by combining vertical and horizontal 
movement, then a double dissociation should be predicted: the 
clockwise condition should be more similar to the vertical condi-
tion and the counter-clockwise condition should be more similar 
to horizontal condition in V1, and these associations should be 
reversed in V2.
With respect to the relationship between resource allocation 
across visual and auditory processing (Haroush et al., 2009), the 
data must remain silent as no significant differences in auditory 
evoked response were observed as a function of visual intention. 
Figure 3A hints at differential auditory P2 activity as a function 
of rotational versus non-rotational motion, but this failed to reach 
Table 1 | Summary of separate ANOVAs for peak latency and mean 
amplitude for visual C1, P1, and N1 components across parietal–
occipital (PO3, POz, PO4, Oz) electrodes.
erP component
Factor  Peak latency  Mean amplitude
  df  F  MSe  p  df  F  MSe  p
C1
I  3.1, 39.8  0.92  365  0.443  2.8, 37 .1  7 .07  0.30  0.001
A  1, 13  <0.01  296  0.984    1,  13  0.79  0.08 0.390
I × A  3.4, 44.2  2.20  166  0.094  2.2, 29.6  1.57  0.27  0.223
P1 
I  2.8, 36.4  2.18  170  0.111  2.5, 33.1  2.94  0.95  0.055
A  1, 13  3.51  91  0.084      1, 13  0.56  0.33  0.468
I × A  2.7 , 36.2  1.21  45  0.320  3.4, 44.3  0.85  0.17  0.488
N1
I  1.5, 20.1  0.96  280  0.380  2.1, 28.4  8.86  0.78  0.001
A  1, 13  1.26  261  0.282      1, 13  12.10  0.50  0.004
I ×A  2.5, 33.1  0.56  121  0.619  2.6, 34.0  0.99  0.23  0.401
I, intention; A, audition. Statistically significant effects in bold.
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a sustained evoked response that behaves in a manner analogous 
to the transient evoked responses observed here. In the context 
of mental rotation, these researchers showed that a negative-
going, parietal slow-wave component increased as the amount 
of rotation increased, and also increased for counter-clockwise 
relative to clockwise rotational requests. The association between 
increased negativity and increased task complexity in their data 
provides a useful link with the association between increased 
negativity and increased perceptual instability in the current 
study. In order to tease apart the contributions of sustained 
intentional (or spontaneous) switch in perception compared to 
when the percept is stable (e.g., Kornmeier and Bach, 2009), the 
current analysis utilized an aggregated measure of performance 
whereby all frames within the trial (apart from the first V1 or 
V1 + A1 frame and the last V2 or V2 + A2 frame) were considered 
to increase signal-to-noise ratio. Therefore, it is possible that 
the significant modulations in neural responses reported above 
are the result of both sustained and transient evoked responses, 
although a purely sustained response account would struggle 
to argue for why significant neural modulation was observed 
at some time points and not others. Nevertheless, the recent 
Figure 4 | (A) Graph showing group mean amplitudes for C1, P1, and N1 visual ERP components as a function of experimental condition. Error bars denote SE. (B) 
Scatterplot showing group average correlation between C1, P1, and N1 mean amplitude and the degree of perceptual stability judged on a 7-point scale (1 = extremely 
stable, 7 = extremely unstable).
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(von Schiller, 1933) appears to be a characteristic of some (but 
not all; Pitts et al., 2007) bi- or multi-stable stimuli tested in 
the laboratory (Windmann et al., 2006). It remains a question 
for future research whether the relationship between perceptual 
report and neural activity also apply to the sensory stimuli to 
which esthetic value is ascribed. For example, Ishai et al. (2007; 
see also Pepperell, 2011) discuss the consequences of examining 
indeterminate art and note that, relative to paintings contain-
ing recognizable objects, indeterminate paintings yielded longer 
response latencies (see also Dyson and Cohen, 2010). Therefore, 
ambiguity within artwork may have the net result of facilitating 
viewer or listener engagement, and it is interesting to consider 
how these effects might have their origins in neural activity. 
Further studies that integrate both brain and behavior metrics 
of esthetic reaction will be ideally positioned to evaluate how 
early neural responses might predict one’s eventual reaction to 
artwork. Interacting with ambiguity then may provide a natural, 
neurological route to promoting deeper and richer reactions to 
the world (Zeki, 2006). As always, it will be the combination of 
bottom-up and top-down factors that generate the final percep-
tual experience: a carefully crafted ambiguous percept on the 
part of the artist combined with a willing to invoke ambiguity 
on the part of the perceiver may serve to engage the brain to the 
fullest extent. The likelihood that the viewer or listener has an 
esthetic response to their sensory world may then begin with an 
exaggerated cortical response to it.
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and transient evoked response in future work, the comparison 
between longer and shorter epochs within the same paradigm 
would be of particular benefit.
A final set of issues revolve around the observation that percep-
tual changes can be initiated under a number of conditions such as 
the induction of change by presenting disambiguated versions of 
the image (e.g., Sterzer and Kleinschmidt, 2006; Takei and Nishida, 
2010), the intention to change as a function of task demands (e.g., 
Kohler et al., 2008), and, the spontaneous experience of change as a 
result of neural fatigue, attentional diversion, rate of stimulus deliv-
ery, and, eye movements (e.g., Baker and Graf, 2010). Consequently, 
there may be subtle differences between conditions that produce 
perceptual instability as a result of the failure of stable intention (i.e., 
vertical, horizontal, clockwise, counter-clockwise) and conditions 
that produce perceptual instability as a result of the success of unsta-
ble intention (i.e., free-view). Although the current data suggest that 
neural responses during free-view trials were only quantitatively 
rather than qualitatively different from all other trials, these subtly 
different styles of processing may reveal different patterns of neural 
performance, perhaps in pre-frontal areas implicated in holding 
particular perceptual interpretations in mind (Windmann et al., 
2006). Moreover, it is also important to acknowledge variability in 
the ratings of perceptual stability between participants and consider 
how certain interpretations of the external world become more or 
less likely as a function of long-term experience. Distinct neural 
differences between visual artists and non-artists (e.g., Bhattacharya 
and Petsche, 2005; Kottlow et al., 2011), and, between musicians 
and non-musicians (e.g., Ohnishi et al., 2001; Schlaug, 2001) have 
been reported and it is a matter for future work as to how such 
sensory expertise might modulate the experience of ambiguous 
or multi-stable stimuli.
In sum, it would appear that the more ambiguous the sensory 
information, the more accentuated the brain’s response to it. This 
current observation made with stroboscopic alternating motion 
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